Chromosome cohesion is a cell-cycle-regulated process in which sister chromatids are held together from the time of replication until the time of separation at the metaphaseto-anaphase transition, ensuring accurate chromosome segregation [1] [2] [3] [4] [5] [6] [7] [8] [9] . Chromosome cohesion is established during S phase, and this process requires the four subunits of the cohesin complex (Smc1, Smc3, Mcd1/Scc1, and Irr1/ Scc3) and the acetyltransferase Eco1 [10] [11] [12] [13] . Acetylation of Smc3 by Eco1 at two evolutionarily conserved lysine residues promotes cohesion establishment during S phase in budding yeast and humans [14] [15] [16] . Here we report that Hos1, a member of the evolutionarily conserved class I histone deacetylase family, acts as a deacetylase for Smc3 in S. cerevisiae. We examine the Smc3 acetylation level in nine histone deacetylase deletion strains and find that the acetylation level is increased specifically in a hos1D strain post-S phase. Coimmunoprecipitation experiments show that Hos1 interacts with Smc3 and that the interaction is most pronounced as cells reach anaphase. We provide direct evidence that Hos1 can deacetylate Smc3 and retains a soluble pool of deacetylated Smc3. Overexpression of Hos1 results in less acetylation of Smc3 and cohesion defects in both WT and eco1 mutant strains; mutation of the Hos1 active site abolishes the defects. Hos1 may help to maintain a pool of unacetylated Smc3 that can be used for new chromosome cohesion.
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Results and Discussion

Identification of a Deacetylase for Smc3
Reversible acetylation of histone and non-histone proteins by HATs (histone acetyltransferases) and HDACs (histone deacetylases) has been increasingly reported to regulate many cellular processes, including gene transcription; DNA replication, repair, and recombination; metabolism; cytoskeletal dynamics; apoptosis; protein folding; and cellular signaling [17] [18] [19] [20] [21] . Because the establishment of chromosome cohesion depends on Smc3 acetylation by the acetyltransferase Eco1, it is reasonable to speculate that a deacetylase for Smc3 might exist.
In budding yeast, ten known histone deacetylases have been identified and divided into three main classes (I, II, and III) on the basis of sequence homology [22, 23] . Class I and II deacetylases use zinc-dependent catalysis, whereas class III deacetylases are NAD+ dependent. To examine whether one of the histone deacetylases is responsible for Smc3 deacetylation, we immunoprecipitated the cohesin complex from extracts of deacetylase deletion strains and then examined the Smc3 acetylation level by using anti-acetyl-lysine antibody. As shown in Figure 1A , the Smc3 acetylation level in a hos1D strain was significantly increased over that in wild-type and other deacetylase deletion strains, suggesting that Hos1 is a potential candidate for an Smc3 deacetylase.
Because Smc3 acetylation by Eco1 occurs during S phase, we asked in which phase of the cell cycle Hos1 exerts its function. The cohesin complex was immunoprecipitated from a culture arrested in G1 and at various times after release for both wild-type and hos1D strains, and Smc3 acetylation was analyzed. In G1 cells, Smc3 acetylation was not detectable in either wild-type or a hos1D strain; no Smc3 was pulled down because of the instability of Mcd1 at this time. Once cells entered S phase, Smc3 acetylation could be observed. At time points following DNA replication (45, 60, and 80 min after release), the level of Smc3 acetylation was clearly higher in a hos1D strain than in the wild-type, suggesting Hos1 might normally function after S phase ( Figure 1B) . We further investigated whether acetylation was affected in the chromatinbound fraction (the cohesive fraction) of Smc3 or the soluble fraction. Although acetylated Smc3 clearly increases in the hos1D strain in the chromatin-bound fraction, what is more striking is the presence of acetylated Smc3 in the soluble fraction ( Figure 1C ). These results suggest that acetylation of Smc3, and particularly soluble Smc3, is regulated by Hos1 after S phase.
Hos1
Interacts with Smc3 in a Cell-Cycle-Dependent Manner Given that Hos1 regulates acetylation of Smc3, we tested for an interaction between Hos1 and Smc3. An interaction between Hos1 and Smc3 can be detected in an asynchronous culture ( Figure 2A ). Because Smc3 deacetylation by Hos1 is cell-cycle regulated, we examined the interaction over the cell cycle. Coimmunoprecipitation (co-IP) was carried out from whole-cell extracts in a G1 release experiment similar to that in Figure 1 in the epitope-tagged strains, and immunoblotting was then performed. The interaction between Hos1 and Smc3 was most strongly detected in cells with 2N DNA content ( Figure 2B ), consistent with the idea that Hos1 might act on Smc3 after S phase. We stained the nuclei from the 60 and 80 min time point with DAPI to determine whether the cells contained one or two DAPI masses, indicative of metaphase or anaphase, respectively. At the 60 min time point, 17% of cells had two DAPI masses, and 44% had two DAPI masses at the 80 min time point. These results suggest that the interaction between Smc3 and Hos1 is increasing as the cells progress to anaphase.
Hos1 Deacetylates Smc3 In Vitro
To examine whether Hos1 can directly deacetylate Smc3, we used purified proteins in vitro. Both Hos1 and catalytically dead Hos1 were purified from yeast by MORF (movable open reading frame) purification [24] . Catalytically dead Hos1 (Hos1-D) was constructed by mutation of three residues, D247A, H249A, and H250A, predicted to be involved in zinc *Correspondence: jeg@stowers.org coordination on the basis of the previously described Zn 2+ -binding residues of Rpd3 [25] [26] [27] . The purified proteins have a C-terminal fusion tag (6 3 His, HA-epitope), which could be detected by immunoblotting. In a silver stained gel, the bands in Hos1 and Hos1-D lane were present in the same position between 50 kDa and 75 kDa, which is in agreement with the predicted molecular weight of Hos1 plus the fusion tag, 57 kDa. The identity of the purified proteins was further confirmed by immunoblotting with anti-HA antibody (Figure 3A) . Smc3 was purified as a GST-fusion protein from E. coli ( Figure 3B ).
Coimmunoprecipitation experiments from whole-cell extracts had shown an interaction between Hos1 and Smc3. We therefore tested whether Hos1 could associate with Smc3 in vitro. We monitored interaction by performing a GST pulldown assay from the mixture of purified Hos1-6 3 His-HA and Smc3-GST. As shown in Figure 3C , Hos1-6 3 His-HA could be pulled down with Smc3-GST. Reciprocally, immunoprecipitation of Hos1-6 3 His-HA could bring down Smc3-GST. Thus, Hos1 and Smc3 show a direct physical interaction, and the interaction does not depend on DNA or acetylation of Smc3.
We wanted to further explore whether Hos1 could deacetylate Smc3 in vitro when we used purified proteins. We first acetylated Smc3-GST by using Sulfo-NHS Acetate. We evaluated Smc3 deacetylation by incubating the same amount of acetylated Smc3-GST with increasing amounts of purified Hos1 and Hos1-D proteins, respectively, and subsequently evaluated Smc3-GST acetylation levels by immunoblotting. Smc3 acetylation decreased as the amount of Hos1 in the reaction increased. In contrast, under the same conditions Hos1-D had no deacetylase activity toward the acetylated Smc3-GST ( Figure 3D ). This observation provides direct evidence that Smc3 can act as a substrate for Hos1. However, one caveat with this assay is that the acetylation profile introduced by Sulfo-NHS acetate might not mimic the profile in vivo. To further test the specificity of Hos1, we tried to acetylate Smc3-GST by using recombinant Eco1-GST or Eco1-6 3 His, but we failed. Instead, we immunoprecipitated Smc3 from yeast and used it as the substrate. This pool of Smc3 was robustly deacetylated by recombinant Hos1 in vitro ( Figure 3E ). Collectively, these results suggest that Smc3 is a bona fide non-histone substrate of the lysine deacetylase Hos1.
Overexpression of Hos1 Causes Growth and Cohesion Defects
Chromosome cohesion is established in S phase when Smc3 is acetylated by Eco1. In eco1 mutants and nonacetylatable Smc3 mutant strains, disruption of Smc3 acetylation results in growth and cohesion defects [14, 15] . If Hos1 is indeed responsible for Smc3 deacetylation, overexpression of Hos1 might be expected to cause a defect in cohesion. To this end, we used the same plasmid constructs used for purification ( Figure 3A) to overexpress Hos1 and Hos1-D in both wild-type and eco1-W216G mutant strains. eco1-W216G is a genocopy of a mutation associated with Roberts Syndrome in humans [28] . This mutation disrupts the catalytic activity of the protein [29] , and the level of Smc3 acetylation is reduced to approximately 20% of that in the wild-type ( Figure S1B ). Although the growth of the wild-type strain is relatively unaffected by overexpression of Hos1, overexpression of Hos1 in the eco1-W216G background causes a growth defect (Figure 4A) . Next, we tested the effect of overexpression of Hos1 on chromosome cohesion by using strains in which an array of Lac repressor-binding sites was integrated near the chromosome IV centromere and visualized by LacI-GFP [30] . Cells were arrested in G2/M phase with nocodazole treatment, and then the number of cells with one or two GFP spots was counted. Two spots indicate prematurely separated sister chromatids or a defect in chromosome cohesion. In both wild-type and eco1-W216G mutant strains, elevated rates of separated sister chromatids were observed when Hos1 was overexpressed. In contrast, overexpression of Hos1-D did not cause a cohesion defect ( Figure 4B ). We further tested whether the overexpression of Hos1 affected the acetylation of Smc3. Overexpression of Hos1, but not Hos1-D, reduced the levels of acetylated Smc3 in both the wild-type and eco1-W216G strains ( Figure 4C ). Taken together, these results suggest that regulation of Smc3 acetylation by Hos1 is critical for chromosome cohesion.
Because the eco1-W216G mutant retains some acetylated Smc3, we speculated that deletion of HOS1 in the eco1-W216G mutant strain might rescue the Smc3 acetylation level and growth at 37 C. The eco1-W216G mutant is temperature sensitive and shows a dramatic loss of cohesion at 37 C [28] . However, deletion of HOS1 in the eco1-W216G background did not rescue the temperature sensitivity of the eco1-W216G mutant ( Figure S1A ). Consistent with this, a very mild rescue of Smc3 acetylation level was observed ( Figure S1B ). Thus, a lack of deacetylation cannot efficiently rescue reduced levels of Smc3 acetylation.
Since the first report of p53 as a non-histone target of HATs and HDACs, there have been increasing numbers of new nonhistone HDAC targets characterized in mammalian cells [18, 21] . A genome-wide proteomic survey of acetylation (B) Whole-cell extracts were made from cells that had been arrested with a factor (0 min) and then at various times (15, 30, 45, 60 , and 80 min) after release. Pull-down assays were performed with a-HA affinity gel, and immunoblotting with a-Myc antibody followed (upper panel). The same immunoprecipitated samples were blotted for a-HA antibody as a loading control (lower panel). Pull-down assays were performed with a-Myc affinity gel, and this was followed by immunoblotting with a-HA antibody (upper panel). The same immunoprecipitated samples were blotted for a-Myc antibody as a loading control (lower panel). The DNA content was measured by cytometry. Cells from the 60 and 80 min time points were stained with DAPI, and the number of cells with 1 or 2 DAPI masses was counted. Seventy cells were counted from three independent biological replicates for each time point. The error bar represents the standard deviation.
indicates that this post-translational modification is widespread [31] . Here, we identify Hos1 as a Smc3 deacetylase in S. cerevisiae. Hos1, a member of the class I histone deacetylase family, is relatively uncharacterized. Using a strain in which Hos1 was deleted, Grunstein and colleagues performed ChIP-chip (chromatin immunoprecipitation with microarray technology) experiments and determined that Hos1 is required for the deacetylation of histone H4 K12 at the rDNA locus [32] . In our study, deletion of Hos1 resulted in increased Smc3 acetylation as cells progressed to anaphase. We show that Hos1 can directly deacetylate Smc3 in vitro, strongly indicating that Smc3 is a bona fide substrate for Hos1. Overexpression of Hos1 leads to under-acetylation of Smc3 and cohesion defects, consistent with the idea that acetylation promotes cohesion and deacetylation reduces cohesion. The elevation in acetylation of Smc3 in the hos1D strain was particularly notable in the soluble fraction, giving weight to the idea that Hos1 helps to maintain a soluble pool of unacetylated Smc3. The ATPase activity of the Smc subunits is critical for chromosome cohesion [33] , and it has been suggested that acetylation of Smc3 by Eco1 modulates its ATPase activity [34] . If this is true, then deacetylation of Smc3 by Hos1 would oppositely modulate its ATPase activity and potentially maintain a soluble pool of Smc3 with intact ATPase activity, which would be critical for new cohesion (see model in Figure 4D ). Hos1 might not be essential because newly synthesized Smc3 could suffice to provide a pool of unacetylated Smc3 for new cohesion. In summary, our study not only demonstrates a novel non-histone substrate for a deacetylase in budding yeast, but it also identifies a new regulator of chromosome cohesion.
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Supplemental Information include Supplemental Experimental Procedures, one figure, and one table and can be found with this article online at doi: 10.1016/j.cub.2010.08.019. Ten-fold serial dilutions of the strains were plated on control plates (SD-ura) and Gal-ura plates. (B) Chromosome cohesion is defective in cells overexpressing Hos1. Chromosome cohesion was measured by the one-spot/two-spot assay. One spot indicates intact cohesion, and two spots indicate defective cohesion. The scale bar corresponds to 2 mm. Logarithmically growing cells were arrested in G2/M phase with 15 mg/ml nocodazole, fixed with 70% ethanol, and stained with DAPI, and immunofluorescent analysis was then performed. A minimum of 300 cells from three biological replicates were scored. Data were analyzed with a paired-samples t test. Error bars indicate standard error of the mean. p < 0.05 was considered statistically significant. (C) Wild-type and eco1-W216G strains expressing Smc3-3HA and the indicated plasmids were grown to mid-log phase in gal-ura medium, and whole-cell extracts were used for immunoprecipitation with a-HA affinity gel. The eluates were subjected to immunoblotting with either a-AcK antibody (upper panel) so that acetylated Smc3 could be measured or a-HA antibody (lower panel) so that total Smc3 could be measured. The ratio of signal from the upper panel to the lower panel is shown below the panels. (D) A cartoon depicting the function of Hos1 with respect to chromosome cohesion. Cohesion between sister chromatids (red circles) is established during S phase. Establishment requires acetylation of Smc3 by Eco1, and acetylation might modulate the ATPase activity of Smc3. After S phase, Hos1 might act on Smc3 to deacetylate it. Hos1 might act on chromatin-associated Smc3 and soluble Smc3. Without Hos1, there is a soluble pool of acetylated Smc3 that is not competent for new cohesion. However, newly synthesized Smc3 might not be acetylated and could suffice for new cohesion. Please see Figure S1 in the Supplemental Information for characterization of a hos1 eco1-W216G double mutant strain and Table S1 for information regarding all the strains used in this study.
